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We investigate the effect of interactions in zero-dimensional polariton condensates. The shape of the

condensate wave function is shown to be modified by repulsive interactions with the reservoir of

uncondensed excitons. In large micropillar cavities, when uncondensed excitons are located at the center,

the condensate is ejected toward the pillar edges. The same effect results in the generation of optical traps

in wire cavities. Once polariton condensates are spatially separated from the excitonic reservoir, spectral

signatures of polariton-polariton interactions within the condensate are evidenced.
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After the experimental demonstration of Bose-Einstein
condensation with cold atoms in 1995 [1,2], a lot of interest
has been drawn to the influence of interactions on the
physics of atomic Bose-Einstein condensates [3].
Renormalization of the excitation spectra into linear
Bogoliubov dispersions has been shown [4], leading to a
superfluid behavior of atomic condensates [5]. Interactions
also strongly affect finite size condensates: in the presence
of repulsive interactions, minimization of the condensate
energy leads to a significant spatial expansion of its wave
function, which tends to a Thomas-Fermi profile [6,7].

Recently, semiconductor microcavities have appeared as
a model system to investigate Bose condensates in a solid
state system [8–15]. Their optical properties in the low
density regime are governed by bosonic exciton-photon
mixed states named cavity polaritons. Despite the two
dimensionality of this system, polariton dynamical conden-
sation can occur, giving rise to the formation of coherent
light-matter quasicondensates. From their photonic nature,
cavity polaritons inherit a light effective mass (10�8 that of
atoms) allowing condensation effects at high temperatures.
Because of their excitonic nature, polaritons interact with
phonons [16], excitons, or polaritons [17,18]. One signature
of the interactions undergone by polariton condensates is
the continuous blueshift of the emission above condensa-
tion threshold, discussed by several groups [8,9,13].
Recently, other experimental signatures of these interac-
tions have been studied, such as the renormalization of the
polariton dispersion into a linear Bogoliubov profile [19,20]
or superfluid behavior [20,21]. A difficulty in the investi-
gation of polariton interactions when nonresonant excita-
tion is considered is to distinguish interaction with the
reservoir of uncondensed excitons from polariton-polariton
interactions within the condensate.

In this Letter, we investigate interactions in 0D polariton
condensates generated under nonresonant optical excita-
tion. Using two resonator geometries we identify the
respective role of interactions with the excitonic reservoir

and of polariton-polariton interactions within the conden-
sate. Condensation is first investigated in micropillars with
a lateral size much larger than the excitation spot diameter.
The excitonic reservoir induces a local potential maximum
at the pillar center. These repulsive interactions are respon-
sible for the expulsion of the condensate wave function
from the excitation area. The second investigated geometry
is a microwire excited close to its edge [14]. Repulsive
interaction with the excitonic reservoir is responsible for
condensation in the optical trap formed between the exci-
tation area and the wire end. Once the condensate is
spatially separated from the excitonic reservoir (both in
micropillars and in optical traps), self-interactions within
the condensate is revealed. A threshold-like behavior in the
spectral blueshift of the condensate emission is attributed
to polariton-polariton interactions when the mean number
of polaritons in the condensate exceeds a few hundred.
Finally, we compare these polaritonic features with regular
photon lasing obtained at higher excitation power in micro-
pillars [13]. Remarkably, in the photon lasing regime, an
opposite spatial behavior is observed: lasing is triggered in
the region from which polariton condensates are expelled.
The cavity sample is described in detail in Ref. [13].

Square micropillars (with sizes ranging from 20 to
2 �m) and 200 �m long microwires (with lateral
sections ranging from 2 to 4 �m) were fabricated using
electron beam lithography and reactive ion etching.
Microphotoluminescence experiments are performed on
single micropillars and microwires using a single mode
cw Ti:sapphire laser focused onto a 2 �m diameter spot
with a microscope objective. The sample is maintained at
10 K and the excitation laser energy is tuned typically
100 meV above the lower polariton resonance. The emis-
sion is collected through the same objective and imaged on
the entrance slit of a monochromator (for microwire mea-
surements, the wire image is parallel to the slit). The
spectrally dispersed emission is detected with a nitrogen
cooled CCD camera. Local heating of the micropillars is
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reduced by chopping the laser beam with an acousto-optic
modulator with 1% duty cycle at 10 kHz. The lowest cavity
mode is chosen detuned by roughly �2 meV with respect
to the excitonic resonance.

Microcavity polaritons in high quality factor samples
like the present one have been shown to undergo bosonic
stimulation under nonresonant excitation. Polariton lasing
(also called polariton condensation) has been demonstrated
in micropillar [13] and microwire [14] cavities.

Under cw nonresonant pumping, steady-state polariton
condensates are generated together with uncondensed
higher energy excitons forming an excitonic reservoir.
The wave function c ðrÞ of polaritons obeys the following
mean-field Gross-Pitaevskii equation [22] where a contact
interaction between polaritons is considered:

�
� @

2

2m
r2 þ VðrÞ þ gjc ðrÞj2

�
c ðrÞ ¼ �c ðrÞ; (1)

where m is the polariton effective mass, � its chemical
potential, and g the polariton-polariton interaction constant
[23,24]. VðrÞ is the external potential felt by polaritons:

VðrÞ ¼ VconfðrÞ þ VresðrÞ: (2)

VconfðrÞ corresponds to the confinement potential defined
by the etched microstructure under study. It will be taken as
infinite outside themicropillar or themicrowire and equal to
zero inside. VresðrÞ ¼ gresnresðrÞ is the power-dependent
potential resulting from repulsive interactions (described
by the interaction constant gres) with uncondensed excitons
injected in the excitation area. nresðrÞ describes the spatial
distribution of uncondensed excitons. Because of the small
diffusion coefficient of excitons, the shape of the exciton
cloud is given by that of the pump profile. Both interaction
terms, Vres and gjc ðrÞj2, give rise to a blueshift of the
condensate emission and can induce spatial modifications
of its wave function [25]. As will be shown in the following,
the experimental spatial distributions jc ðrÞj2 and nresðrÞ
can strongly differ when the excitation spot size is small
compared to the cavity lateral size. This allows us to clearly
distinguish the effect of each of these interaction terms.

We first investigate the wave function of 0D polaritons
generated in square micropillars excited at their center. As
shown in Fig. 1(a), spatially resolved photoluminescence
performed on a single micropillar indicates the formation
of discrete confined polariton states. Figure 1(b) shows
emission spectra measured on a single 10 �m square
micropillar for different excitation powers. A marked
threshold is evidenced in the emission intensity above
which polariton condensation is obtained. Notice that at
threshold, the emission is strongly multimode. However,
for higher excitation powers, mode competition favors
condensation on the lowest energy polariton state (see
also far field images in Fig. 2 in the supplemental material
[26]). Figures 1(c)–1(e) show the spatial distribution of the
total emission intensity measured on this micropillar for
three excitation powers. Below threshold, the emission
presents a Gaussian shape centered on the pillar. As the

excitation power is increased, a hole in the intensity
distribution appears at the center. Far above threshold,
the condensate wave function presents four lobes located
in the corners of the pillar, whereas it is vanishing in the
center. Figures 1(f)–1(h) show the calculated wave func-
tion of the lowest energy polariton state solving Eq. (1),
taking into account the interactions within the condensate
and including a Gaussian reservoir potential with a 2 �m
spatial width and a height proportional to the excitation
power. The shape of the emission pattern is perfectly
reproduced considering this repulsive interaction with the
excitonic reservoir, which pushes away the condensate
from the pillar center toward the corners.
Notice that when the excitation spot is not centered on

the micropillar, we observe expulsion of the condensate

FIG. 1 (color online). (a) Top: Scanning electron microscopy
image of a micropillar. The dashed circle and blue line sche-
matically indicate the spatial location of the excitonic reservoir
and of confined polaritons; bottom: spatially and spectrally
resolved emission of a single 5 �m micropillar measured below
threshold. (b) Emission spectra measured on a 10 �m square
pillar for several excitation powers. (c)–(e) Spatial distribution of
the total emission intensity measured on the same 10 �m pillar
for three excitation powers. (f)–(h) Corresponding calculated
intensity distributions of the lowest energy polariton state. White
dashed squares show the pillar edge.
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wave function out of the excitation area with asymmetric
emission pattern (see Fig. 4 in the supplemental material
[26]). Also interesting spatial changes have been obtained
when exciting coupled micropillars (these results will be
published elsewhere). All these measurements are fully
consistent with the interpretation in terms of repulsive
interactions with the cloud of uncondensed excitons.

We now consider the generation of 0D polariton con-
densates in 1D cavities. We have recently shown that the
excitonic repulsive potential can be used to define an
optically controlled trap when using a single wire cavity
[14]. An example of such a trap is shown in Fig. 2(a) where

a wire cavity with a 2:5 �m lateral size is excited 15 �m
away from its end. Spatially resolved emission measure-
ments directly image the wave functions of polariton states
confined in the optical trap. The energy and wave function
of these discrete states are well reproduced considering a
particle with the polariton effective mass and using a
potential VðrÞ shown with dashed white line in Fig. 2(a).
As the excitation power is increased, the polariton

population in the trap increases [see the abrupt increase
of emission intensity in Fig. 2(c)] and polariton condensa-
tion is obtained on the lowest energy state of the trap
[see Fig. 2(b)].
Depending on the relative size of the excitation spot and

the microcavity, we can generate 0D polariton condensates
which either strongly overlap with the excitonic reservoir
(in small micropillars) or which are spatially separated
from it (in large micropillars or in optical traps). This
allows changing the relative strength of polariton-polariton
and polariton-reservoir interactions.
Figure 3(a) compares the blueshift measured in micro-

pillars of various sizes and in the optical trap. When the
size of the micropillar is comparable to that of the excita-
tion spot (as is the case in the 3:2 �m micropillar), the
polariton condensate cannot spatially separate from the
excitonic reservoir. A strong blueshift is measured, but
the relative strength of polariton-polariton interaction and
polariton-reservoir interaction cannot be quantified. Using
a microwire or a micropillar much larger than the excita-
tion spot allows the generation of a polariton condensate
well-separated from the excitonic reservoir, and the role of
interactions within the condensate is revealed. In these
systems, the continuous blueshift observed below 3Pth is

FIG. 2 (color online). (a) Spatially and spectrally resolved
emission of a microwire excited 15 �m from its end for
P ¼ 3Pth. White lines: Calculated polariton states confined by
the potential shown in white dashed line which includes inter-
action with the excitonic reservoir. Inset: Scanning electron
micrography of the microwire with schematic representation
of excitonic reservoir in dashed blue. (b) Same as (a) for
P ¼ 30Pth. The potential in white (red) dashed line also includes
(does not include) the potential induced by the polarization
occupancy. (c) Integrated intensity and spectral linewidth of
the lowest energy polariton state measured in the optical trap
as a function of excitation power.

〈       〉

〈       〉

〈       〉

〈       〉

FIG. 3 (color online). (a) Blueshift measured in a 10, 6, and
3:2 �m micropillar and in the optical trap. The dashed red (solid
blue) line shows the excitation rangedominatedby interactionswith
the reservoir (within the condensate). The inset shows themeasured
intensity in the four systems. (b)Symbols:Measuredblueshift of the
lowest energy polariton state in the 10 �mmicropillar. Calculated
blueshift induced (dashed red line) by the excitonic reservoir or
(solidblue line) by interactionswithin the condensatededuced from
the measured polariton occupancy, (black line) total calculated
blueshift. (c) Same as (b) for the optical trap.
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attributed to interactions with the excitonic reservoir. This
blueshift is smaller than in the 3:2 �m pillar because the
spatial overlap between the polariton states and the reser-
voir is reduced. Above 3Pth, the slope of the blueshift
abruptly increases. For such high excitation powers, the
polariton occupancy [27] becomes large so that polariton-
polariton interactions contribute to the condensate energy
renormalization. The measured blueshift is fully repro-
duced considering the polariton-polariton interaction
term ghjc ðrÞj2i � g I

Ith
, where I

Ith
is the measured polariton

occupancy which can reach several thousands. The best fit
of the blueshift [see Figs. 2(b) and 2(c)] is obtained for g �
2 �eV ��m2 in the optical trap [28] and g � 9 �eV �
�m2 in the 10 �m pillar. These values are in good
agreement with the theoretical one, typically 3 �eV �
�m2, given by 3a2bEx, where ab and Ex are, respectively,

the exciton Bohr radius and binding energy [24]. Notice
that the repulsive potential resulting from the high occu-
pancy of the condensate in the trap also affects the higher
energy polariton states. The energy and wave function of
these states can be well reproduced taking into account the
polariton-polariton interaction term found above [see, for
example, Fig. 2(b)].

Another interesting spatial feature is observed at higher
pumping rates in the 10 �m micropillar. As reported in
Ref. [13], transition to the weak coupling and onset of
photon lasing can be observed. This second threshold not
only corresponds to a jump in the emission energy and an
increase in the emission intensity, but also to an abrupt
qualitative change in the emission pattern. As shown in
Fig. 4, photon lasing occurs at the center of the pillar,
where population inversion is first obtained and thus where
the gain is maximum. Moreover, gain confinement in
the excitation area is observed due to the change of refrac-
tive index induced by the high pumping rate. Thus, an
opposite behavior is observed between the polariton con-
densation regime, where repulsive interactions tend to push
away polaritons from the excitation area, and photon lasing
which occurs tightly focused in the excitation area.

To conclude, we have shown that because of their
excitonic nature polariton condensates undergo significant

repulsive interaction with the reservoir of uncondensed
excitons. This interaction induces dramatic changes in
the polariton spatial distribution which are pushed away
to the corners of a micropillar or trapped between the
excitation area and the end of a microwire. These features
are shown to be a polaritonic behavior since we observe the
opposite effect, namely, gain confinement, when the
system enters the regular photon lasing regime. Further
evidence of the matter part of these Bose condensates is
demonstrated for large polariton occupancy: an additional
emission blueshift is the signature of polariton-polariton
interactions within the condensate.
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